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ABSTRACT 

This  paper  demonstrates  a  remote  discrete  model  reference  adaptive  control  for  a  two-wheeled  mobile  robot 
where  actuators,  sensors  and  controller  are  distributed  and  interconnected  by  a  wireless  communication.  Since  a  typical 
feature  of  wireless  communication,  a  piecewise  constant  input,  discrete-time  controller  and  model  of  mobile  robot  are 
adopted  to  analyze  the  stability  and  the  performance  based  on  Lyapunov  stability  theory.  The  proposed  controller 
accommodates  the  effect  of  uncertainties  and  mismatching  modeling,  time  delay  of  the  control  plant  by  discrete-type 
adaptation  laws.  A  prototype  of  mobile  robot  is  utilized  for  controlling  by  the  computer-based  proposed  controller 
through  Lora  wireless  communication.  Some  experimental  results  are  given  to  verify  the  control  performance  of  the 
proposed  controller. 
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1 INTRODUCTION 

Automated  guided  vehicles  (AGVs)  have  been  increasingly  used  for  material  transport  in  facilities  such  as 
warehouse,  plant,  distribution  center  and  transshipment  terminal  (Le  et  al,  2004).  The  uses  of  AGVs  play  a  key 
role  in  reducing  labor  cost,  increasing  the  efficiency  and  reliability  in  storage  process.  Nevertheless,  the  major 
challenge  is  to  design  a  controller  which  offers  more  efficient  re-configurability,  better  resource  utilization. 
The  typical  structure  of  traditional  AGVs  is  a  two-wheeled  mobile  robot  equipped  a  locally  controller  (Ngo  et  al, 
2007;  Hossain  et  al,  2013;  Ali  et  al,  2010).  There  are  many  such  mobile  robots  used  in  facilities  for  handling 
material.  Each  mobile  robot  involved  a  maneuver  controller,  communicates  to  a  control  station  for  logistic  control 
and  collision  avoidance.  This  type  of  control  architecture  costs  significant  for  installation  and  maintenance. 
Modern  control  applications  concerning  mobile  robots  can  benefit  from  the  utility  of  wireless  communication 
technology  for  remote  control  (Lozoya  et  al,  2007).  Based  on  the  benefit  of  the  remote  control,  a  typical  architect 
of  AGVs  introduces  a  central  controller,  sending  and  receiving,  through  a  wireless  network,  the  controller 
commands  and  the  sensor  signal  to  the  mobile  robot,  respectively.  However,  the  typical  feature  of  a  wireless  AGVs 
system  is  to  generate  random  communication  delays,  which  cause  severe  the  overall  control  performance. 
Some  previous  research  works  (Lian  et  al,  2001;  Walsh  et  al,  2002;  Wang  et  al,  2004)  carried  out  the  analysis  and 
control  performance  improvement  to  accommodate  the  negative  effect  of  time  delay  in  the  remote  control. 
Researchers  (Halevi  et  al,  1998)  studied  continuous-time  plant  and  discrete-time  controller  to  develop  a  remote 
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control  using  discrete-time  approach.  In  (Nilsson,  1998),  the  authors  analyzed  the  remote  control  system  in  discrete-time 
domain.  The  research  proposed  a  LQG  controller  for  constant  time  delay  model.  Some  existing  researches  (Yin  et  al ,  2014; 
Kaya  et  al,  2003)  studied  controllers  based-on  Smith  predictor  for  unstable  process  with  time  delay,  however  these  types  of 
controllers  cannot  overcome  the  effect  of  system  parameter  uncertainties. 

In  fact,  since  a  complex  mechanical  structure,  a  mobile  robot  introduces  mismatching  model  and  uncertainties 
such  as  weight,  center  of  mass,  inertia  of  moment,  friction  which  degrades  the  stability  of  the  control  system. 
Existing  controllers  designed  based  on  only  the  kinematic  of  the  mobile  robot  (Carelli et  al,  1999;  Kongezosef  al,  2002). 
However,  in  order  to  achieve  the  control  task  requiring  high  pay-load  transportation  and  high  velocity  movement,  it  is 
necessary  to  consider  and  develop  a  controller  based  on  the  dynamic  of  the  mobile  robot.  As  well,  in  the  case  of  the 
pay-load  transportation,  the  weight  of  the  mobile  robot  can  change  when  the  pay-load  is  loaded.  It  is  important  to  develop 
a  controller  which  is  capable  to  adapt  the  change  of  dynamic  characteristic  (Duong  et  al,  2018).  Some  research  works 
carried  out  adaptive  controllers  to  obtain  this  objective.  (Kim  et  al ,  2000)  investigated  a  robust  adaptive  approach  for  the 
mobile  robot  based  on  robot  kinematic;  however,  the  adapted  controller  parameters  are  not  feasible  of  the  mobile  robot. 
Some  tracking  controller  developed  by  (Dong  et  al,  2005;  Dong  et  al ,  1999;  Liu  et  al,  2004)  were  subjected  to  mobile 
robots  assuming  uncertainties,  unknown  nonlinearities  and  parameter  variation  to  stabilize  the  dynamic  of  mobile  robots. 
However,  these  controllers  were  developed  in  continuous-time  domain,  while  it  should  be  achieved  in  discrete-time, 
which  is  implemented  easily  by  a  clock-driven  controller. 

In  this  paper,  the  design  of  a  remote  discrete-time  model  reference  adaptive  controller  for  a  two-wheeled  mobile 
robot  is  developed.  In  order  to  overcome  the  drawback  of  the  remote  control,  a  discrete  modeling  of  mobile  robot  involving 
random  time  delay  and  a  piecewise  constant  input  are  used  for  stabilizing  the  control  system.  To  mitigate  the  negative 
effect  of  time  delay  and  uncertainties  of  the  control  system,  a  discrete-time  modified  model  reference  system  is  proposed  to 
obtain  an  adaptive  controller  for  the  remote  control  system.  Controller  parameters  are  updated  by  the  adaptation  law  to 
adjust  the  dynamic  characteristic  of  the  remote  control  system  in  the  variation  of  system  parameters.  The  effectiveness  of 
the  proposed  approach  is  evaluated  by  using  a  prototype  of  mobile  robot  controlled  through  Lora  wireless  communication. 

2  PROBLEM  FORMULATION 

For  the  convenience  of  the  control  design,  the  dynamic  equation  of  a  typical  mobile  robot  as  shown  in  Figure  1  is 
expressed  by  the  following  equation  (Zhang  et  al,  2001). 

M(q)q  +  F(q,q)q  +  G(q)q  =  f(t)  ^ 

Where,  M  (q)  e  R"x"  is  an  inertia  matrix,  F (q,  q)  e  R"xl  is  a  centripetal  and  Coriolis  matrix,  G(q)  e  R"x1  is  a  vector 
containing  gravity  term,  q  e  A’"x  is  a  coordinate  matrix  and  f(t)  e  Rnx'  is  a  control  input. 


Let  define  the  system  of  Equation  (1)  have  some  known/unknown  plant  dynamic,  the  following  can  be  obtained: 

M=Mk+  M„ 

G  =  Gk+G„ 

F  =  F  +  F 

r  k  “  C 

where  subscript  k  stands  for  the  known  part  and  subscript  u  stands  for  the  unknown  part. 
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Figure  1:  Two  wheeled  Mobile  Robot  in  Global  Coordinate 

By  substituting  Equation  (2)  into  Equation  (1),  it  yields: 

M  uq  +  Fuq  +  Guq  =  u 

where  u  =  f  —  (M k  —  I)q  —  Fkq-Gkq  with  /  is  a  unit  matrix 

T  r  T  '  T  ~ I 

Defining  x  =  I  q  q  as  a  4x  1  state  vector,  Equation  (3)  can  be  rewritten: 


(3) 


'  0 

i  ] 

'  0  ^ 

1  \x  + 

i  \u 

k-m;1gu 

-Mf  FJ 

=  Ax  +  Bu 


(4) 


Where,  the  matrices  A  and  B  are  nonlinear  functions  of  state  vectors.  Under  considering  the  Equation  (4), 
the  objective  to  find  out  f(t)  at  Equation  (1)  is  to  determine  of  u(t). 

Since  the  controller  is  implemented  on  a  digital  computer  and  the  typical  feature  of  the  wireless  network  control  is 
to  generate  the  time  delay,  it  is  necessary  to  adopt  a  discrete-time  plant  of  the  mobile  robot  to  develop  a  discrete  controller. 
This  paper  assumes  that  the  random  time  delay  t  less  than  one  sampling  time  h(i.e.,  T  =  Tca  +  Tx  <h)  in  which  rca  is 
a  controller-to-actuator  delay  time,  rsc  is  a  sensor-to-controller  delay  time. 

The  system  described  by  Equation  (4)  can  be  expressed  in  discrete-time  as  follows  (Dong  et  al,  2005): 


x(i  + 1)  =  «&*(/)  +  T0  (r)u(i)  +  Tj  (z)u  (i  - 1) 
y(i)  =  Cx(i) 


where 
=  eAh 


(5) 


T0(t)  =  \hQ~TeMBds 
r,(T)  =  f "  eAsBds 

J  h—T 
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The  goal  of  controller  design  is  to  construct  a  discrete  control  input  vector  u(i)  and  adaptation  parameter  such 
that  the  output  of  the  system  described  in  Equation  (5)  tracks  closely  the  output  of  a  modified  reference  model. 


Let  the  discrete  time  modifted  model  reference  be  given  as  follows: 


X+i)  =  XXO+rV(i-i)+rV(i) 


(6) 


Where,xm  (i)is  the  modified  reference  model  state  vector,  r(i)is  a  piecewise  constant  reference  input  of  the 
system  described  in  Equation  (5)  and  <I>m  are  a  Hurwitz  matrix. 

The  adaptive  control  input  which  stabilizes  the  control  system  described  in  Equation  (5)  is  given  by: 

«(i)  =  -0"1  (i)  [©*  (i)x(i)  +  © r(i)u(i  - 1)  -  0°  (i)r(i  - 1)  -  01  (i)r(i)] 


(7) 


Where,  0^(/)e  R  ,  0v(/)e  R  ,  &y(i)e  R  ,  ®r(i)e  R  and0r(7)e  R  x  are  adaptation  parameter  vectors. 
To  stabilize  the  close-loop  control  of  Equation  (5),  a  tracking  error  vector  is  defined  as  follows: 
e(i)  =  x(i)  -  xm  (i) 
e(i  +  l)  =  x(i  +  \)-xm(i  +  \) 

By  substituting  Equations  (5-7)  into  Equation  (8),  it  yields: 

e(i  +  1)  =  (<f>  -  <V>  m  )x(i)  +  <f>me(i)  +  T 0u(i  -  1)  +  Txu(i)  +  T°mr(i  -  1)  +  Tlmr(i)  ^ 

lim  x(i)  =  xm  (i),  lim  e(i)  =  0,  0  G 

The  goal  is  to  have  jr->”  or  in  other  words  therefore,  assuming  that  there  exists  a  1 


(8) 


0a  e  R4*2  0ye  /?4x2,  0"e  R4x1,  0‘  e  R 


4x2  j-’  ^  ^4x4 

and  a  known  system  parameter  1 »  such  that 


4>-r  0  =4>  ,  r°  =-r  0° 

n  x  m  ’  m  n  r 

T0  =  T„®r  ,  r',  =  -r„©: 

r,  =r„©tt 


Substituting  Equation  (10)  in  Equation  (9)  and  simplifying  leads  to  an  error  of  the  form 
e(i  +  1)  =  <E>me(i)  +  Tn0  tx(i)  +  Tn0  u(i  -  1)  +  T n®  au(i)  +  T n®°r(i  -  1)  +  rn©'r(i) 


(10) 


(11) 


Deftne  the  estimation  errors  as  ®x(i)  =  ®x-®x,®r(i)  =  ®r-®r,®a(i)=®a-®a,®,.(i)  =  ®r-®r,  and 
0|  (i)  =  0'  —  ©J. .  Using  these  definitions  and  the  adaptive  controller  of  Equation  (7),  the  system  of  Equation  (11)  becomes 

e(z + 1 ) = + r A  (0*(0 + r  (O^ 

=  ®me(i) + r  [ ©t  (040  +  ®r(i)u(i  - 1)  +©„  oxo  +  ©!’  o>o  - 1) + ©!  0X0 

L  '  J  (12) 
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By  defining  a 'P(/  —  1)  =  [@v(/)  &y(i)  &a(i )  0°  @J.]  and  ((i -1)  =  [*(/)  u(i  —  1)  u(i) 

the  system  of  Equation  (12)  can  simplify  to  the  form 

e(i+\)  =  ^me(i)  +  TW(i-\)Cr(i-\) 

In  order  to  proceed  with  the  adaptation  law,  let  define  the  following 

z(i  + 1)  =  'P (i- 1  )z(i  - 1)  =  'f'(i-  \)C'  (i~  D 

The  adaptation  laws  can  be  given  by 

'PO'  + 1)  =  'f’tt  - 1)  +  £k  P(i  + 1  )Ctt  ~  1  )zr  (i  + 1) 


P(i  +  l)  =  P(i-l)-£k 


P(i-\)Ctt-l)CTtt-l)P(i-\) 

\+ekCT(i-\)P(i-\)Ctt-l) 


Where,  £k  is  a  positive  coefficient,  'P(i)  is  an  estimation  error  vector  and  Pk  is  the  symmetric 
coefficient  matrix  which  has  the  properties  (Kokotovicef  al,  1991). 

P~'  (i  + 1)  =  P~'  (i  - 1)  +  etC(i  - 1  )CT  (i  - 1) 


CT(i-\)P(i  +  \)Ctt-\) 


CT(i-\)P(i-\)Ctt-\) 

\  +  ekCT(i-\)P(i-\)Ctt-\) 


Proof:  Consider  the  following  CLF 

V(i)  =  'Pr  tt  ~  \)P  '  tt  ~  l)'P(i  - 1)  +  'PT  (i)P  1  (i)'P(i) 


The  forward  differential  V(i  +  \  )  —  V  (i)  can  be  found  as 
A V(i)  =  V(i+  \)-V(i)  =  'PT (i  +  \)P  1  (i  +  l)vP(i  + 1) -  T'7 (i -  \)P  1  (i -  l)T/(i - 1) 

By  subtracting  both  side  of  Equation  (15)  from  VP  ,  it  yields 
‘P - '!'(/  + 1)  =  ‘P - 4 >(i - 1  )-£kP(i  + 1  )Ctt  ~  1  )zT (i  + 1) 

Let  define  'f'(i)  =  VF  —  'f'(i) ,  Equation  (18)  is  simplified  by 
'f'(i  +  l)  =  'f'(i-l)-f^(i-l)z(i  +  l) 

Substituting  Equation  (19)  by  Equation  (17)  and  using  Equations  (21-22),  it  obtains 

A V(i)  =  ['f'(i  - 1)  -  ekP(i  +  \)C(I  ~  1  )zT  ( i  + 1)]'  P  '  (i  + 1)  ['P(t  - 1)  -  £kP(i  + 1  )Ctt  ~  1)/  tt  + 1 
-'f'7  (i-l)7,“1(i-l)'f'(i-l) 
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(13) 

(14) 

(15) 

(16) 

positive-definite 

(17) 

(18) 

(19) 

(20) 

(21) 

(22) 

I 

(23) 
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=  'F  (i  - 1)  ( P (i  + 1)  +  P (i - 1))  'I'O'  - 1)  -  2  £ky(i  -  \)£T  (i  -  l)zr  (i  + 1) 

+  eUT(i-\)P(i  +  \)£(i-\)z1(i  +  \) 

By  using  Equation  (14),  Equation  (17)  and  Equation  (18),  Equation  (23)  yields: 
A  V(i)  =  ek  z2  (i  + 1)  -  2  ek  z 2  (i  + 1)  +  eX  (i  - 1  )P(i  +  l)C(i  -  l)r  (i  +  D 
Simplify  Equation  (24)  using  Equation  (18),  A V(i)  becomes 

AV(i)  = - r  g^2(/  +  1) - <  o 

l  +  etC  (*-W  +  l)C(»-l) 


(24) 


(25) 


4  EXPERIMENT  SETUP  AND  RESULTS 


A  prototype  of  the  vehicle  as  shown  in  Figure  2  with  two-wheeled  was  used  to  validate  the  performance  of 
the  proposed  discrete  adaptive  controller.  The  mobile  robot  utilizes  two  DC  motors  equipped  with  two  driving  wheels 
and  two  caster  wheels  for  supporting  the  mobile  robot’s  body.  A  damper  is  used  to  ensure  the  balancing  of  the  mobile 
robot.  In  order  to  determine  the  mobile  robot  position,  an  inertia  measurement  unit  (IMU)  is  mounted  to  the  center  of 
mass  on  the  robot  frame  as  well  as  two  digital  encoders  are  inserted  to  two  driving  wheels.  A  controller  based 
Arduino  2560  is  adopted  to  implement  the  command  receiving  from  a  computer  based  controller  (CBC)  and  sending 
the  sensor  signal  to  CBC  through  Lora  wireless  communication.  A  schematic  of  the  control  system  develops  for  the 
mobile  robot  as  shown  in  Figure  3. 


DC  motor 


IMU 


Encoder 


DC  motor 


Damper 
Caster  wheel 

Driving  whecl 


Driver  motor 


Lora  wireless 


Arduino  Battcry 


Figure  2:  Prototype  of  Mobile  Robot 
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Figure  3:  Two-Wheeled  Mobile  Robot  Control  Structure 

The  proposed  controller  is  implemented  on  CBC  with  a  sampling  time  100  milliseconds.  The  experiment  is 
executed  on  the  prototype  of  the  vehicle,  with  the  initial  position  of  mobile  robot  as  x(0)  =  0 (m) ,  y(0)  =  0 (m)  the  initial  of 

control  input  as  u( 0)  =  [0  ()]7  ,  and  all  adjusted  adaptive  parameters  are  set  to  zero. 


A  desired  reference  input  and  the  experiment  output  along  to  x  axis  are  shown  in  Figure  4.  The  desired  reference 
input  is  denoted  in  dash  line  with  the  amplitude  given  as  1  m  for  the  first  5  seconds  and  that  of  0 m  for  the  last  5  seconds, 
while  the  experiment  output  is  denoted  in  solid  line.  It  is  clear  to  see  that  the  experiment  output  along  to  .c  axis  oscillates 
in  the  transient  phase  and  tracks  the  reference  input  in  the  steady-state  phase. 

Figure  5  depicts  the  experiment  output,  which  compares  the  desired  reference  input  along  to  y  axis.  The  desired 
reference  input  is  denoted  in  dash  line  with  the  amplitude  given  asO/nfor  the  first  2.5  seconds,  that  ofl/nfor  the  next  5 
seconds,  and  that  ofO/nfor  the  last  2.5  seconds  while  the  experiment  output  is  denoted  in  solid  line.  In  the  transient  phase, 
the  tracking  output  taken  by  experiment  oscillates  then  converges  to  the  desired  reference  input.  In  the  steady  state, 
tracking  output  closely  follows  the  desired  reference  input. 

The  position  of  the  two-wheeled  mobile  robot  in  Cartesian  frame  taken  by  experiment  is  shown  in  Figure  6. 
It  illustrates  that  the  position  output  of  the  two-wheeled  mobile  robot  closely  tracks  the  desired  reference  input  in  both  of 
the  directions  along  to  x  axis  and  y  axis. 


Figure  4:  Experiment  Output  along  to  X  Axis 
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Figure  5:  Experiment  output  along  to  Y  Axis 


-3  -4 

- 

0 

Y 

Figure  6:  Position  in  Cartesian  Co-ordinate 

5  CONCLUSIONS 

The  remote  tracking  two-wheeled  mobile  robot  was  developed  as  a  real-time  industrial  application  for  AGVs 
robot  that  can  achieve  the  advantage  provided  by  the  Lora  wireless  communication.  However,  the  typical  feature  of  the 
wireless  network  induced  delays,  which  cause  to  the  stability  of  the  control  system.  As  well,  a  complex  structure  of  mobile 
robot  introduces  mismatch  modeling  and  uncertainties  that  may  prevent  the  good  performance  tracking  of  the  mobile  robot. 
This  paper  proposed  a  discrete-time  type  of  model  reference  adaptive  controller  for  a  remote  control  system  using  wireless 
communication.  The  adaptive  controller  and  the  adaptation  control  parameters  can  accommodate  the  negative  effect  of  the 
time  delay,  mismatch  modeling  and  uncertainties  of  the  control  plant.  Through  experiment  on  a  prototype  of  mobile  robot, 
it  is  shown  that  the  tracking  output  of  the  mobile  robot  converged  to  the  desired  reference  input  in  both  cases  of 
study.  The  paper  demonstrated  that  the  proposed  controller  can  improve  the  tracking  ability  of  the  mobile  robot  in  the 
presence  of  time  delay,  mismatch  modeling  and  uncertainties. 

For  future  works,  research  on  the  case  of  the  multi  of  two-wheeled  mobile  robots,  controlled  by  a  remote  discrete 
model  reference  adaptive  controller,  is  now  progress. 
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